(ACE inhibitors, sartans, beta blockers) and is able to merely slow down the progression of the disease rather than stop it or preferably reverse it.
Heart failure is emerging as an energy starvation state, that is cardiomyocytes are ATP depleted. 3 Studies suggest that intracellular ATP concentration may be 25%-30% lower in the failing human hearts 4 and this process can contribute to heart failure progression. This is probably a multifactorial phenomenon, resulting from reduced oxygen delivery, impaired oxygen utilization in the face of increased oxygen demand (due to increased afterload). 5 So far therapeutic attempts to address it have largely been unsuccessful.
They were mainly focused on increasing the concentration of haemoglobin, an oxygen-carrying protein. But neither erythropoietin analogs that increased haemoglobin concentration 6 nor intravenous iron that provided an essential element not only for haemoglobin, but also other enzymes involved in cardiac energetics 7 provided unequivocal benefits in human clinical trials, though recent data, including our own work, 8 suggest that iron may be of some value here.
Another drastically different approach involves facilitation of oxygen dissociation from haemoglobin in the tissues. Only 25% of oxygen transported by haemoglobin (Hb) dissociates and is retained in tissues, while the remaining three quarters return with venous blood.
Under low tissue oxygen content, the extraction rate increases.
Endogenous allosteric regulators (2,3-bisphospho-d-glycerate (BPG)) bind to the allosteric cavity of Hb, stabilizing the deoxygenated form of Hb, and oxygen affinity is reduced favouring further oxygen dissociation and retention by tissues. Oxygen extraction rate increases even further, but never exceeds 75%. So one-quarter of oxygen is returned with venous blood being a potential target for intervention. In this regard, myo-inositol trispyrophosphate (ITPP), a membrane-permeant allosteric effector of haemoglobin, has been shown to enhance the oxygen release capacity of red blood cells 9 by lowering the affinity of haemoglobin for oxygen, thus enabling to counteract the effects of hypoxia. 10 Indeed, we have previously shown that ITPP shifts the oxygen dissociation curve downward, therefore increases tissue oxygen delivery, especially to hypoxic tumours. 11 This is accompanied by a potent anti-cancer effect in various tumour models in the mouse. 11 Thus, ITPP anti-cancer effects in animal models involve better oxygen delivery to the tumour as part of the vessel normalization process which is the key to the effectiveness of the treatment.
Hypoxia-inducible factor (HIF) is emerging as the main mediator of hypoxia and ischaemia. Highly conserved, it plays a pivotal role in the transcriptional response to changes in oxygen availability.
HIF-1 comprises two subunits, the α-subunit, which is regulated in an oxygen-dependent manner and β-subunit that is constitutively expressed. Molecular oxygen allows for HIF-1α hydroxylation by prolyl hydroxylase 2 (PHD2) and its rapid proteosomal degradation after von Hippel-Lindau protein binding and ubiquitinylation. On the other hand, hypoxia impairs hydroxylation, which results in HIF-1α stabilization, heterodimerization with HIF-1β. The heterodimer (HIF-1) enters the nucleus and binds to the hypoxia response element (HRE) to start the transcription of the subsequent hypoxia-inducible genes. 12 Thus, HIF-1 controls the expression of multiple genes that regulate cell survival, cell metabolism and angiogenesis in hypoxic conditions. 13, 14 In a short term, HIF-1 activation can be beneficial by switching the cardiac metabolism to anaerobic pathway, reducing energy consumption by down-regulating Ca 2+ handling proteins (SERCA2a) that utilize enormous quantities of ATP and stimulating angiogenesis. However, long-term HIF-1 activation can be detrimental, by inducing energy starvation through reduced fatty acid oxidation and impaired mitochondrial biogenesis 15 and impairing Ca 2+ handling. Furthermore, we have recently shown that angiogenesis stimulated by HIF-1 in tumour results in the formation of defective vessels that are leaky and do not provide adequate blood supply. 11 In this context, we have demonstrated that ITPP reduces HIF-1α expression by vascular endothelial cells, 16 providing anti-tumour effects. 17 Although the extent and dynamics of HIF-1 expression in hypoxic tumour cells as well as its response to ITPP have been studied in details, behaviour of this system in cardiomyocytes in the context of ischaemic cardiac diseases is largely unknown as well as the effect of ITPP in their treatment.
Thus, the first aim of our study was to test the hypothesis that ITPP has beneficial effect on post-MI left ventricular remodelling and heart failure in the rat model. The second aim was to verify the hypothesis that HIF-1 expression is rapidly stimulated by hypoxia and that this HIF-1 overexpression is prevented by ITPP in a model of murine blood-perfused cardiomyocytes.
| MATERIAL S AND ME THODS
Male Wistar rats (n = 35) 280-320 g and female C57Bl6 mice were used in this project. All animal procedures conformed to the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes. The study was approved by the local ethics committee (Second Warsaw Local Ethics Committee for Animal Experimentation).
| Heart failure in vivo rat studyexperimental design
Rats were subjected to induction of myocardial infarction (MI group) or sham operation (Sh group). After 4 weeks of follow-up, the animals underwent echocardiographic imaging. Only rats with large MI (≥40% of the LV) were enrolled to MI group in this study (5 rats were excluded). Both MI and Sh rats were randomized into two subgroups: ITPP group received 2 intraperitoneal doses of ITPP (1.5 g/ kg) per week (on Monday and Tuesday), a total of eight doses over 4 weeks (see Figure 1 for study protocol), while saline group received corresponding saline injections. We have previously shown in a mouse model that such dosing regimen provides long-term improvement of oxygen delivery to the tumour and survival benefits. 11 Echocardiography was performed weekly. Eight weeks after MI induction/sham operation, the rats underwent final echocardiographic imaging and ketamine HCl/xylazine overdose was given to euthanize the animals and subsequently hearts were excised for biochemical and cellular studies.
| Induction of myocardial infarction
Rats were anaesthetized with ketamine HCl and xylazine (100 mg/ kg and 5 mg/kg b.wt., respectively, ip), left thoracotomy was performed, the heart was externalized, and a suture (5-0 silk) was placed around proximal left coronary artery. In Sh animals, it was left loose, and in MI animals, it was tied. Buprenorphine (1 mg/kg b.wt., ip) was given as a post-operative analgesia. Within 4 weeks, post-MI mortality was 40%. The vast majority of these deaths (18 animals) occurred during first 2 days after induction of MI. No death occurred after randomization to ITPP/saline groups 4 weeks after MI induction and completion of the study.
| Echocardiography imaging
Echocardiography was performed using SonoScape S2 (Sonoscape Medical) with high-frequency linear 8 to 15 MHz probe. Each rat was examined 4, 5, 6, 7 and 8 weeks after the surgery. Under light isoflurane anaesthesia, LV end-diastolic and end-systolic diameters were determined from the long-axis view at the aortic valve level.
Regional LV wall motion abnormalities were assessed using the wall motion index (WMI). Contractility of 12 wall segments visualized in the midpapillary short-axis view and 11 segments visualized in the long-axis view was graded as 1 (normal) or 0 (abnormal), and the total WMI was calculated ( Figure 1C ). The normal hearts had WMI = 23.
Our previous results revealed that WMI closely correlated with infarct size and that WMI = 15 corresponded to infarct size ~40%.
LV ejection fraction (LVEF) was calculated as (LV diastolic area-LV systolic area)/LV diastolic area. All measurements were obtained by one observer blinded to the study groups. 
| Myocyte isolation

| Myocyte contractions recording
The myocytes contractions were recorded by a video-edge de- 
| Isolated cell experiments
| Cells isolation and cell lines establishment
Cardiomyocytes from newborn mice (1 day) and rats (2 days 
| HIF-1α production by cardiomyocytes submitted to hypoxia compared to normoxia
ELISA quantification HIF-1α production by cardiomyocytes
Cells were subjected to hypoxia pO 2 = 7.6 Torr = 1%, for various time lapses (from 1 to 12 hours) then lysed, and total HIF-1α was measured by ELISA (mouse total HIF-1α kit, R&D systems). 18 
HIF-1α induction, distribution and dynamics of redistribution in cardiomyocytes upon hypoxia treatment
Murine cardiomyocytes were hypoxia-treated (1% O 2 ) for Image analysis for the cellular distribution was done using the Axiovision program.
| In vitro design of RBC-ITPP effect of oxygen release on cardiomyocytes
Cardiomyocytes were cultured on microscope slides quadriderm (Dutcher dish) previously coated with 300 µL of 0.2% gelatine aqueous solution, in sterile conditions then dried. Cardiomyocytes Controls were obtained by the same treatments in normoxia as well as treatment with normal culture medium in flow conditions.
When indicated, cells were first incubated for 3 hours in hypoxia and then submitted to flow and maintained for 2 hours.
| ITPP-mRBC loading
Mouse erythrocytes were loaded by addition of a 78 mmol/L ITPP solution in saline to mRBC suspension (1.2 × 10 10 cells/ mL) and 1 hour incubation at 37°C. Washed cells were further used at 10 7 cells/mL in the appropriate medium for the flow experiments.
| ITPP-mRBC mediated suppression of hypoxia-induced molecules in cardiomyocytes in vitro
Murine clone 4 cells, selected and allowed to multiply (MCmCl4), were subjected to hypoxia PO 2 = 7.6 Torr = 1%; for various time lapses (from 1 to 12 hours) and tested for HIF-1α expression. 18 
| Statistical analysis
| RE SULTS
| Heart failure in vivo rat study
| Infarct size, morphological parameters and mortality
Rats were subjected to induction of MI or sham (Sh) operation, followed for 4 weeks so that MI rats could develop stable heart failure and then treated for another 4 weeks with either ITPP or saline ( Figure 1 ). The mean infarct size evaluated by transthoracic echocardiography did not differ between MI and MI + ITPP groups at randomization or at the end of the study (4 and 8 weeks after MI induction, respectively) ( Table 1 ). There were no differences in body weight between MI and Sh animals at any time point after the surgery. No death occurred in either study group after beginning of ITPP/saline injections.
| Haemodynamic function and left ventricular dimensions
Large myocardial infarction induced LV remodelling and impaired LV systolic function, reflected by progressive increase of LV end-diastolic volume and decrease of LV ejection fraction ( Figure 2 ). ITPP essentially halted the increase of LV dilation and significantly reduced impairment of LV ejection fraction, while it had no effect on sham-operated rats (Figure 2 ). 
| Contractile function of cardiomyocytes isolated from the rat left ventricle
Eight weeks after induction of MI and five days after the last dose of ITPP, contractile performance of freshly isolated cardiomyocytes was evaluated ( Figure 3A and B ). We found that contractile function of LV cardiomyocytes surviving after MI was preserved. Moreover, the amplitude of the cell shortening was even slightly increased ( Figure 3C ). This is probably a result of the adaptive process of the cardiomyocytes surviving MI to sustain left ventricular function after the loss of numerous cardiomyocytes. As a result of increased amplitude of cell shortening, both time to peak of contraction and time to 90% of relaxation were longer as compared to these parameters in cardiomyocytes from sham-operated rats ( Figure 3D and E, respectively). The rates of cardiomyocyte contraction and relaxation were not changed ( Figure 3F and G, respectively).
ITPP administration after MI did not affect cardiomyocytes function and did not affect their functional remodelling. On the other hand, in sham-operated rats ITPP slightly prolonged the time of contraction and relaxation ( Figure 3D and E) and showed a trend towards slower kinetics; however, it was statistically insignificant ( Figure 3F and G).
| Cardiomyocytic cell line experiments
| HIF-1α is induced, stably expressed and redistributes in cardiomyocytes upon hypoxia treatment
Cardiomyocytic cells from newborn mice, established as non-transformed immortalized line, were submitted to flow cytometry cloning. Clones were characterized for the expression of cardiomyocytic markers as myosin, desmin and α-actinin. Figure 4 shows the expression of α-actinin by cloned MCmCl.4 cells ( Figure 4A ).
When submitted to hypoxia treatment (pO 2 = 1%) for 3 hours, cardiomyocytes displayed induced HIF-1α expression ( Figure 4B show that upon hypoxia the average size of the nuclei was doubled ( Figure 4D , b compared to Figure 4D , a) and the HIF-1α was detected both in the nucleus as well as in the perinuclear region of the cytosol ( Figure 4D a, arrow).
| ITPP-charged murine erythrocytes reduce HIF-1α expression in hypoxia-treated cardiomyocytes under flow conditions
Cardiomyocyte cultures express HIF-1α when submitted to hypoxia (O 2 1%) for 3 hours. To test the ability of ITPP-charged red blood cells to deliver oxygen and alleviate hypoxia, cardiomyocytes were perfused with media containing mouse erythrocytes either native, as control, or previously charged with ITPP, as described. 19 Cardiomyocytes were further treated for 2 hours, in various conditions by medium containing mouse erythrocytes 10 7 cells/mL that were previously charged by ITPP (RBC-ITPP + ) compared to non-charged native erythrocytes (RBC-ITPP − ). Figure 5A indicates that HIF-1α, induced by hypoxia was not modified by the As the effect of the blood-borne molecules and cells delivery is linked to the dynamics and the shear stress effect, we tested the effect of ITPP-charged erythrocytes on hypoxic cardiomyocytes in flow conditions. We designed and used a sealed flow chamber which allows the controlled flow and gas conditions as shown on Figure 5B . As summarized on Figure 5C , under normoxic conditions, HIF-1α protein was expressed at a low level. This was not significantly modified by the control medium or by the same medium containing either the native mouse red blood cells or the ITPP-loaded mouse red blood cells. Under flow, hypoxia caused a marked induction of HIF-1α expression as compared to hypoxia without shear stress effect. This is confirmed by the increased effect observed when the flow was applied with medium containing red blood cells as compared to RBC-ITPP + action in static conditions ( Figure 5B) , thus underlining the shear stress effect.
Indeed, HIF-1α induction was clearly reversed when ITPP-charged erythrocytes (RBC-ITPP + ) were perfused onto the hypoxic cardiomyocytes. Inhibition of HIF-1α expression by cardiomyocytes in hypoxia was due to the oxygen release effect by ITPP-charged erythrocytes since non-modified erythrocytes had no influence.
Moreover, this effect was not caused by ITPP itself on cardiomyocytes ( Figure 5C ), nor by the shear stress alone as indicated by the lack of effect of a 50 μmol/L solution of ITPP in medium, as compared to the IHP 50 μmol/L solution as control ( Figure 5C ).
Hypoxia was the main parameter monitoring HIF-1α production by cardiomyocytes as shown by the control series performed in normoxia. In normoxic conditions, no effect was detected on HIF-1α by the same treatments in flow conditions ( Figure 5C ).
In order to rule out the possible side effects of ITPP or its control in a dose-response assay where the cell concentration was measured after 96 hours in culture in the presence of ITPP or IHP (from 100 mmol/L). Their potential direct influence on HIF-1α production in the same flow conditions as described above for murine erythrocytes charged by ITPP was assessed. These experiments did not reveal any effect on either the growth or the viability of the cardiomyocytes cultures as shown on Figure 6A .
As ITPP-charged erythrocytes counteract the effects of hypoxia on cardiomyocytes and do not exert any toxicity, we addressed the question of cardiomyocytes remodelling under such treatment.
The evolution of the nuclei size was followed. 20 Figure 6B shows that the cardiomyocytic cells, when hypoxia-treated as above described, displayed an increased size evidenced by the number of pixels estimated for the biggest nuclei ( Figure 6B, C) . The size was reduced upon 2 hours of treatment by flow borne RBC-ITPP + similarly to 20 hours normoxia post-treatment ( Figure 6B and C).
| D ISCUSS I ON
Here, we show for the first time that ITPP, a novel membrane-permeant allosteric effector of haemoglobin that enhances the oxygen Moreover, our experiments in cultured murine cardiomyocytes demonstrated that when these cells were subjected to hypoxia, they exhibited overexpression of hypoxia-inducible factor-1 (HIF-1α) that additionally changed its location from cytoplasmic to nuclear. This HIF-1α overexpression could be prevented by perfusion with red blood cells charged with ITPP. Thus, we show that ITPP is a promising agent that could prevent progression of heart failure and that its effect may go beyond simple improvement of oxygen delivery to ischaemic tissues, namely involve prevention of HIF-1 overexpression and presumably its detrimental effects.
Ischaemia (lack of adequate blood flow) and hypoxia (lack of adequate tissue oxygen) are underestimated potential mechanism of heart failure progression. 21 Heart failure is accompanied by both myocardial hypertrophy and increased LV diastolic pressure that favour increased external compression of coronary arteries and reduction of coronary flow, especially in the subendocardial layer.
Indeed, hypertrophy was shown to induce subendocardial anaerobic metabolism in dogs with aortic stenosis. 22 Patients with dilated cardiomyopathy had reduced coronary reserve and this reduction correlated positively with fibrosis and negatively with ejection fraction. 23 Furthermore, impaired coronary flow reserve correlated with increased serum cardiac troponin T, suggesting ongoing necrosis. 24 Moreover, subendocardial ischaemia was associated with mitochondrial impairment and contractile dysfunction and induction of free radical production that could be prevented by anti-oxidant interventions. 25 Thus, large body of evidence supports the notion that ischaemia, ongoing low-grade ischaemia or bouts of demand-induced ischaemia triggering myocardial stunning or hibernation (), accompanies heart failure and may contribute to its progression. Moreover, in the post-MI setting, the necrotic core is surrounded by a borderzone of live but often ischaemic tissue. With adequate oxygen delivery, it can be salvaged as healthy myocardium, but inadequate tissue oxygen may facilitate its eventual necrosis and infarct extension and further adverse remodelling. Moreover, the alleviation of ischaemia, in the setting of left ventricular dysfunction and heart failure, may be crucial for the progression.
As far as we know, we were the first to utilize a novel agent, ITPP, to improve oxygen delivery, reduce ischaemia and prevent its contribution to progression of LV dilation and impairment of function. We inhibit the loss of working cardiomyocytes rather than improve their function. Indeed, cardiomyocyte loss through apoptosis and necrosis and the most recently described mechanism of programmed cell loss called necroptosis followed by replacement with fibrous tissue was considered to result in the development of LV dysfunction and progression to HF. 28, 29 All processes are mediated by both death receptor and mitochondrial signalling and inadequate oxygen supply especially into cardiomyocyte subjected increased load in post-infarction heart may promote progressive cardiomyocyte loss and subsequent impairment of LV contractile function. Another possible mechanism of beneficial ITPP effects could involve salvage of peri-infarct borderzone, a thin layer of viable, but ischaemic myocardium. 30 ITPP was previously used in a heart failure model of transgenic mice overexpressing Gαq. 31 As suggested in the piglets model, 32 in this study a single dose of 1 and 2 g/kg markedly improved maximal exercise capacity; however, no attempts of chronic ITPP administration were undertaken, nor its effects on cardiac function or remodelling were tested. However, we and others have extensively studied ITPP in oncology setting in various animal models, alone or combined with chemotherapies, and have demonstrated its potent anti-cancer effects. 11, 33 These effects at least partially were attributable to normalization of abnormal tumour vasculature through prevention of overexpression of HIF pathway that emerged as the crucial pathway for the tumour progression. 34 In our experiments, in cultured cardiomyocytic murine cells we show that indeed ITPP is able to prevent overexpression of HIF-1.
This could be one of crucial mechanisms of its effectiveness in heart failure model in vivo, since studies confirm that HIF-1a expression is indeed increased in myocardial samples from human failing hearts. 35 In animal studies, overexpression of either HIF-1α or HIF-2α has been associated with the spontaneous development of cardiomyopathy:
although HIF-1 overexpression protected the mouse heart against consequences of MI, reduced infarct size, improved cardiac function and increased capillary density after 4 weeks of follow-up, 36 chronic HIF-1a overexpression resulted in spontaneous hypertrophy and impairment of ventricular function over 8 months in mice 35 and in the model of aortic constriction was associated with impaired ventricular function. 35 Furthermore, chronic HIF-1a overexpression led to development of spontaneous heart failure and premature death in transgenic mouse models. 37, 38 These studies suggest that while HIF-1 overexpression can be beneficial in the short term, its long-term effects, including metabolic reprogramming, defective angiogenesis and impairment of cardiomyocyte calcium handing, can be detrimental. 35, 37 To test this hypothesis, we undertook detailed investigation of contraction and relaxation of isolated cardiomyocytes from those post-MI rats that were treated with ITPP or placebo for 4 weeks. As we have previously demonstrated, 39 cardiomyocytes from post-MI hearts exhibited increased cell shortening, delayed time to peak contraction and relaxation. However, ITPP did not affect any of these parameters, suggesting that it had no effect on either contractility or relaxation.
These results suggest that probably main mechanism of ITPP action in post-MI hearts does not involve normalization of Ca 2+ handling.
However, in our model these abnormalities of Ca 2+ handling were modest at best, so maybe in other settings, when such changes could be more pronounced, presumable effects of ITPP could be revealed.
Another very interesting aspect of our study is the mechanism in which red blood cells previously charged with ITPP, react with hypoxic cardiomyocytes resulting in oxygen release. Inherently to the red blood cells physiology, oxygen release gets more efficient when erythrocytes are delivered under flow conditions involving shear stress that more closely mimic the physiological situation.
On the other hand, ITPP itself, without red blood cells, was completely ineffective in our model, supporting the observation that it facilitates oxygen delivery by red blood cell haemoglobin rather than causing some intrinsic effects. Last but not least, ITPP did not exhibit any toxic effects, either in cultured murine cardiomyocytes, or in isolated rat cardiomyocytes or in in situ rat hearts as evidence by morphological or functional investigations.
Therefore, we can conclude that ITPP is a promising agent for the treatment and prevention of heart failure through increased tissue oxygen delivery and reduction of HIF-1 expression may be one of its crucial potential mechanisms of action. 
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